Hollow core-shell particles of a titania core and a silica shell, the latter of which was highly porous, water-swollen and not directly connected to the former, were synthesized by a multistep process including carbon and silica coatings followed by calcination of the carbon-layer combustion. The core-shell particles suspended in aqueous solutions of L-lysine showed improved stereoselectivity in photocatalytic redox-combined synthesis of L-pipecolinic acid (L-PCA), maintaining L-lysine conversion and PCA selectivity, compared with that by bare titania particles, presumably due to the acidic microenvironment of the titania core to control the position of oxidation by positive holes as the first step of the redox-combined process. Modification of the silica layers to acidify them was also beneficial for improvement of optical purity of the product, PCA.
photocatalytic functions is encapsulation of TiO 2 particles into porous substances. Due to the surface coverage of these substances, however, the composites obtained through this approach have a tendency to decrease intrinsic photocatalytic activity of the medial TiO 2 .
On the other hand, we have recently reported [21, 22] the fabrication of a novel core-shell composite photocatalyst that consists of commercially available TiO 2 particles incorporated in a hollow silica shell (SiO 2 /void/TiO 2 ). The composite hollow core-shell particles possessed size-selective properties in the photodecomposition of organic compounds; SiO 2 /void/TiO 2 showed photocatalytic activity for decomposition of small substrates such as acetic acid while retaining the activity of original bare TiO 2 , whereas negligible activity for polymers such as poly(vinyl alcohol) was observed; i.e., SiO 2 /void/TiO 2 exhibited molecular size selectivity [23, 24] .
Pipecolinic acid (PCA) is one of the most important intermediate compounds for the syntheses of a wide range of medicines and/or biologically active chemical compounds [25] ; for example, a commercially available local anesthetic, L-N-propylpipecolinic acid 2,6xylidide, is synthesized from L-(S)-PCA (L-PCA) [26] . The fact that the starting material is optically pure, cheap and readily available makes the deaminocyclization of L-(S)-lysine (L-Lys) a preferable chemistry process to obtain L-PCA [27] . In addition, only ammonia is released as a by-product in the reaction using L-Lys as a source. Excellent examples of a photocatalytic one-step synthesis of L-PCA from L-Lys in which deaerated aqueous solutions of L-Lys with suspended particulate semiconductor photocatalysts (TiO 2 or cadmium sulfide (CdS)) were subjected to photoirradiation have been reported [27] [28] [29] . The photocatalytic synthesis proceeds under atmospheric pressure at room temperature without the need to protect functional groups in L-Lys. The proposed mechanism of the above-mentioned photocatalytic deaminocyclization of L-Lys involves successive oxidation of one of the amino groups in L-Lys into imines by two positive holes (h + s), hydrolysis of the imines into aldehyde or ketone, intramolecular condensation of them with the remaining amino group into a cyclic Schiff base (CSB), and reduction of CSB into PCA by two photoexcited electrons (e -s) [27, 28] , as shown in Scheme 1. Such a combination of reduction and oxidation is one of the characteristic features of photocatalytic PCA synthesis, since equimolar oxidation and reduction by h + and e 6 n-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS) for 2 h at ambient temperature.
The resulting AEAPS-treated sample was suspended in methanol ( 
Platinization of samples
Since platinum (Pt) deposits on the TiO 2 surface, as a co-catalyst accelerating reduction by photoexcited electrons as discussed in Results and Discussion, are required for the photocatalytic synthesis of L-PCA [32] , all samples were platinized (2wt% to TiO 2 ) using a two-step photodeposition method. First, a sample was suspended in water containing the required amount of hydrogen hexachloroplatinate(IV) (H 2 PtCl 6 ·6H 2 O) and irradiated by a 400-W mercury arc (Eiko-sha 400; ca. 25 mW cm −2 at 300-400 nm) for 1.5 h and then irradiated for an additional 1.5 h in the presence of 50vol% methanol at 298±0.5 K. The process of Pt deposition was monitored by measuring the amount of hydrogen (H 2 ) liberated by the photoirradiation using a gas chromatograph as was used in the photocatalytic reaction described below.
Characterization of photocatalyst particles
Scanning electron microscopic (SEM) images were obtained by a JEOL JSM-7400F microscope equipped with a detector for transmission electron microscopic mode (TED).
X-Ray diffraction (XRD) patterns were recorded on a Rigaku SmartLab X-ray diffractometer K. Subsequently, the sample was exposed to an ammonia gas flow for 1 h and then purged by He gas for 40 min to remove excessive physically adsorbed ammonia. All NH 3 -TPD profiles were obtained by elevating the sample temperature from 373 to 773 K at a rate of 10 Kmin -1 .
Photocatalytic reaction
For the photocatalytic reaction of redox-combined stereoselective synthesis of After irradiation for 2 h, a 0.2-cm 3 portion of the gas phase of the sample tube was withdrawn with a gas-tight syringe and subjected to gas chromatographic analysis (GC, Shimadzu GC-8A with a molecular sieve 5A column and a TCD detector) for H 2 analysis. The yield of enantiomers of PCA, as well as the amount of unreacted L-Lys, was measured by HPLC (Shimadzu LC-6A equipped with a Daicel Chiral-Pak MA(+) column and an ultraviolet absorption detector) as reported previously [27] .
Results and Discussion

Preparation and characterization of hollow core-shell structured particles
An SEM image of TiO 2 (Ishihara ST-41) as a starting material is shown in Fig. 1(a) .
A characteristic angular morphology of the sample was distinctly observed, with particle size in the range of 100-300 nm. The TiO 2 was then pretreated with a methanolic solution of APS in aqueous glucose at 453 K and subsequently subjected to hydrothermal treatment.
This resulted in the encapsulation of particle aggregates with a thick uniform layer of carbon (C/TiO 2 , Fig. 1(b) ). The thickness of the layer was 30-80 nm, which is in agreement with the results of a previous study showing that glucose undergoes conversion into carbonaceous polysaccharide (PS) spheres by hydrothermal treatment at the temperature range of 433-453K [33] . Stirring the reaction mixture by rotating the autoclave was indispensable for the uniform coating of particles, presumably because the PS formation proceeds spontaneously and PS particles could be obtained in the absence of TiO 2 particles. The utilization of certain oxide particles during the hydrothermal reaction of glucose gave rise to a uniform layer of PS on the particles instead of formation of PS spheres [21] [22] [23] [24] . Heat treatment at 873 K under vacuum resulted in conversion of the PS layer to an amorphous carbon layer [22] . Also an important point is the use of APS-treated TiO 2 ; use of bare TiO 2 failed to produce surface-covered particles and resulted in the formation of PS spheres.
The APS-treated TiO 2 might improve preferable adsorption of the PS component via acid-base interactions between carboxyl and amino groups, since the PS component has a substantial amount of the former and the treated TiO 2 should have the latter on its surface [23] . Other commercial TiO 2 powders such as Evonik (Degussa) P25 were used for the core, but they failed; it seems difficult to obtain a uniform carbon layers on the TiO 2 surface in hydrothermal reaction in an aqueous glucose solutions. Although the reason is still unknown, a trial to obtain an SiO 2 /void/TiO 2 -type structure from those TiO 2 powders is currently being performed by modifying the surface pretreatment processes.
SEM images of the thus-obtained white powders showed that they are comprised of TiO 2 aggregates encapsulated in hollow SiO 2 shells (i.e., SiO 2 (1.5)/void/TiO 2 ), as shown in (Fig 2(a) ). Control of the size of the void space was also possible by changing the concentration of aqueous glucose during the carbon coating step.
A higher concentration of aqueous glucose resulted in a larger void space (Fig. 3(c) ; several tens of nanometers) and vice versa (Fig 3(a) ; ca. 10 nm) compared with that of the standard sample ( Fig. 3(b) ) prepared with glucose solution of 0.5 mol dm -3 (a few tens of nanometers).
These hollow core-shell particles were prepared with a silylation period of 1.5 h, and the SiO 2 shell thicknesses therefore were almost the same in those samples.
An XRD pattern of SiO 2 (0.5)/void/TiO 2 is shown in Fig. 4 (b) with that of bare TiO 2 (ST-41) (Fig. 4(a) ) for comparison. By comparing these XRD patterns, it was concluded that there was no significant change after the formation of SiO 2 /void/TiO 2 ; the preparation process for SiO 2 /void/TiO 2 induces negligible change in anatase TiO 2 crystal structure. is closed by a drop of the desorption branch in the volume adsorbed at P/P 0 of ca. 0.5. This is attributable to the tensile strength effect (TSE), a phenomenon usually observed in samples having a porous structure [34] , suggesting that the lateral SiO 2 shell has a porous structure.
A method that is commonly used for SiO 2 -based microporous materials such as zeolites and SiO 2 gels for determination of micropore size distribution is the Saito-Foley (SF) model. In this study, application of the SF model to the adsorption branch resulted in specifying the pore system mainly ranging between ca. 0.4 and 1.2 nm. As stated in the literature [35, 36] , the fabrication of hollow SiO 2 spheres involved based-catalyzed hydrolysis and polycondensation of TEOS. After applying similar method in our study, it was observed that SiO 2 shells were composed of aggregates of SiO 2 nanoparticles. Therefore, the vacant spaces between these aggregates are the reason for the observed microporous structure on SiO 2 /void/TiO 2 . Such a microporous structure of the lateral SiO 2 shell contributed to the successful removal of the medial carbon shell in SiO 2 /C/TiO 2 . On the other hand, the spaces between the TiO 2 core and the SiO 2 shell seemed sufficiently large for not being detected in the N 2 adsorption measurement.
The presence of void spaces was also supported by the fact that the specific surface area, calculated from the above-mentioned N 2 adsorption, of SiO 2 /void/TiO 2 (29 m 2 g -1 ) was more than two times larger than that of the original TiO 2 (13 m 2 g -1 ). Figure 6 shows NH 3 -TPD patterns corresponding to the surface acidity of the original bare ST-41 (TiO 2 ), TiO 2 that had been modified with APS followed by heating at 873 K (APS-TiO 2 ) and TiO 2 that had been modified with APS followed by carbon coating and then calcination at 873 K to remove the carbon layer (C-TiO 2 ). The original ST-41 shows some acidic sites, presumably due to the remaining sulfuric acid from the starting material of this TiO 2 , titanium sulfate. As seen in Fig. 6 , the acidity decreased significantly for APS-TiO 2 , possibly due to neutralization of those acid sites by the amino groups in APS. A smaller decrease in acidity was observed for C-TiO 2 , as compared to the acidity shown by APS-TiO 2 .
One possible reason is that the carbon coating with calcination removes the amino groups that neutralized the acid sites, thus resulting in recovery of some of the original acid sites, though at present we have no experimental evidence supporting this. were carried out under vacuum in the absence of water. The acidity measured in this study does not correspond directly to the acidity of the photocatalyst samples during the reaction, since photocatalytic reactions were carried out in aqueous solutions, as described later.
Attempts to prepare SiO 2 /void/TiO 2 by using platinized TiO 2 as the starting material were also made. However, upon inspection with SEM, it was observed that a hollow core-shell structure, as was seen for SiO 2 /void/TiO 2 prepared by the standard procedure, was not formed. It has already been reported [22] the TiO 2 surface must be treated with APS before the carbon-layer coating for uniform coverage of carbon on the surface of TiO 2 .
Since TiO 2 already has Pt particles on its surface, this might have prevented the formation of a uniform layer of carbon on TiO 2 to inhibit the formation of hollow core-shell particles.
The experimental results discussed in the following section clearly showed that the SiO 2 shell of SiO 2 /void/TiO 2 was porous, at least suspended in water, enough to allow diffusion of the platinum source to be deposited on the inner TiO 2 -core surface. Figure 8 shows time-course curves of H 2 liberation from aqueous methanol solutions in the second step of the platinization (see Experimental), as has been reported in the preliminary paper [30] . An almost linear increase in the amount of H 2 was observed after an appreciable induction period for all of the samples except for dir-SiO 2 /TiO 2 . This suggests that reduction of the platinum complex to metallic a state by photoexcited electrons in TiO 2 , to give photocatalytic activity for methanol dehydrogenation, required 5-10 min of irradiation.
Photocatalytic activity comparison between TiO 2 and photocatalysts derived from TiO 2
As shown in this figure, SEM images of the photocatalysts after the platinization process are shown in Fig. 9 .
For platinized TiO 2 ( Fig. 9 (a) ), well-dispersed Pt particles on TiO 2 could clearly be seen.
As for platinized mec-SiO 2 +TiO 2 ( Fig. 9 (b) ), Pt particles can be seen on some parts of the sample, presumably on the TiO 2 component but not on the SiO 2 component. As expected, no Pt particles can be seen on dir-SiO 2 /TiO 2 ( Fig. 9 (c) ), proving that deposition of Pt was unsuccessful for this sample. The SEM image for SiO 2 (0.5)/void/TiO 2 ( Fig. 9 (d) ) clearly indicated the deposition of fine Pt particles onto TiO 2 without any collapse of the SiO 2 shells during the platinization process. Similar results were obtained in our previous study and can be attributed to the presence of pores in the SiO 2 shell and void spaces between the shell and core TiO 2 particles [22] . These structures led to efficient mass transfers through an SiO 2 shell to supply Pt particles to the naked active surface of the TiO 2 core.
Another important feature suggested by the SEM images is the toughness of the SiO 2 layers for maintaining the core-shell structure even under the condition of vigorous magnetic stirring during the platinization process. This may be due to the plausible flexibility of morphology of the SiO 2 shell in an aqueous suspension by swelling with water; the SiO 2 shell may behave like a highly water-swollen transparent liquid glass in an aqueous suspension and this would induce high flexibility and permeability for the reaction substrates.
Redox-combined stereo-selective synthesis of L-pipecolinic acid from L-lysine
Photocatalytic activities of the prepared samples were examined using redox-combined stereo-selective synthesis of L-PCA from L-Lys. Table 1 because of the improbable effect of SiO 2 acidity, as will be discussed in the following section.
Considering that the bare TiO 2 , which can be an utmost limit of larger void space, showed a higher rate and lower OP PCA , a swollen SiO 2 shell close to, but not in contact with, the TiO 2 surface, where the photocatalytic reaction proceeds, is a key for higher L-Lys conversion and higher OP PCA .
As mentioned in the preceding section, PCA production from L-Lys proceeds through a redox-combined mechanism as shown in Scheme 1 [28] . According to this mechanism, OP PCA is regulated by (1) selectivity in the position in the first step of amino-group oxidation and (2) difference in efficiency in the following second step of Schiff-base reduction into PCA between  and -routes; S PCA corresponds to the average efficiency of the second process. Assuming the same efficiency of the second reduction step for  and -routes, OP PCA shows the proportion of the -route, since  and -routes yield L and racemic PCA, respectively. This has been proved in a previous study [28] by the fact that OP PCA was almost the same as the proportion of 15 It has been observed that reaction at lower pH improved OP PCA and decreased R PCA when platinized (bare) TiO 2 particles were used as the photocatalyst [41] . Because of the higher basicity of the -amino group than that of -amino group, the -amino group is protonated to be an ammonium group (-NH 3 + ), compensating the negative charge of carboxylate and leaving the -amino group in neutral form under the conditions employed in this study. Taking into account the higher (more anodic) oxidation potential of an ammonium form than that of a natural amino form into, preferential oxidation of the -amino group cannot be expected with ordinary aqueous solutions. At lower pH, both  and -amino groups are protonated and thereby the reaction rate is decreased, while relative reactivity of the -amino group to undergo oxidation by positive holes is enhanced. This is the most probable interpretation of improved OP PCA at lower pH. However, as the stoichiometry of the reaction shows, PCA production accompanies NH 3 release and even when a suspension is acidified before reaction, the released NH 3 may be neutralized; OP PCA becomes low unless buffer solutions, which may reduce the photocatalytic reaction rate further, are used [41] . As reported previously [38] , blocking of the -amino group by carbamoyl derivatization not to be protonated and thereby preferential protonation of the -amino group in Lys led to the production of optically pure L-PCA. It is clear that this is a good strategy for pure L-PCA synthesis, but selective carbamoyl derivatization is needed; use of bare L-Lys, a cheap starting material, without derivatization is preferable. In this sense, higher OP PCA by SiO 2 /void/TiO 2 in the present study might be a breakthrough for selective synthesis. Since it has been observed that crystallization of PCA of higher OP PCA gave almost pure L-PCA due to exclusion of D-PCA from L-PCA crystallites [38] , higher OP PCA , even lower than 100%, is beneficial for practical application to L-PCA synthesis.
The possible acidic microenvironment of the core TiO 2 surface induced by the water-swollen SiO 2 shell might lead to protonation of the -amino group to result in retardation of -route due to higher (more anodic) oxidation potential of the ammonium form of amino groups in Lys. As was discussed in the preceding section, though the acid strength and amount of acidic sites in the SiO 2 shell seem not to be high and large, respectively, when measured under dried conditions, the appreciable acidity of the SiO 2 shell close to, but not in contact with, the core TiO 2 surface can account for the improved OP PCA by promoting protonation of an -amino group in L-Lys. expected that the MPTS moiety introduced presumably in the SiO 2 shell was oxidized into a sulfonic acid group in the calcination process in air. We tried to measure the content of sulfur in these modified SiO 2 /void/TiO 2 samples and to clarify its chemical form, but we failed presumably due to the low concentration and the limit of samples prepared for one autoclave operation.
The modified SiO 2 /void/TiO 2 particles were then used as photocatalysts in the synthesis of PCA from L-Lys, and the results are summarized in Table 2 . The conversions for all three of these photocatalysts were relatively high, indicating that these modifications did not hinder the activity of the photocatalyst. For the hollow core-shell particles modified with H 2 SO 4 , slight increases in OP PCA and R PCA were observed. However, the S PCA decreased to less than 50% with this modification. As for SiO 2 /void/TiO 2 +MPTS, S PCA recorded exceeded 50% and OP PCA was also the highest among these modified photocatalysts, though the conversion was only 85%. In order to increase L-Lys conversion using SiO 2 /void/TiO 2 +MPTS as the photocatalyst, the reaction was prolonged for another 0.5 h to 2.5 h. As shown in Table 2 
Conclusions
In Filled and open circles denote adsorption and desorption branches, respectively. 
